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論文内容要約 
Studies of ultrathin liquid films have not only technological applications like coatings, lubrication and wetting, but are also a 
source of rich physics. Coating films with a thickness of the order of nanometers have been realized and are coming into industrial use. 
A wide variety of coating techniques, such as spin coating, scan coating, and monolayer formation by Langmuir-Blodgett method are 
utilized and each technique forms a thin film of different characteristics on solid substrates. Volatile solvents are used in some coating 
techniques, whose evaporation process also has influences on the nature of the thin films. Mass transport is essential in the evaporation 
process where solvent molecules migrate through the thin film to be evaporated from the liquid surface, and heat transfer is also 
important to provide latent heat to the evaporating surface. Mass transport of polymer molecules is important also to understand the 
annealing and equilibration process of coated polymer films. Thin films of uniform and designed properties are eagerly desired in 
industry, which is a big challenge of nanoscale thermal and fluid engineering. Thin liquid films built on a solid substrate have 
solid-liquid and liquid-vapor interfaces. When these thin polymer films thickness is in nano scale the interfaces have great influence on 
the transport characteristics and thermophysical properties of the films. Transport properties and structure in the interface region are 
different from that of bulk liquid region due to the difference in the interaction between the molecules in the interface region. 
Understanding of equilibrium and non-equilibrium properties in the interface region is important for such nanoscale materials, since 
their coating flow behavior and quality of the residual films are dominated by surface effects. The molecular-scale structure of the 
system will also influence the properties of the nanoscale system. So their knowledge is important to realize optimal thermophysical 
and mechanical properties of the coating films. Knowledge of the heat transfer characteristic through the coating film is also important 
to achieve good quality of the film. Therefore, the study of structure, heat and mass transfer characteristics of liquid polymers in the 
liquid-vapor and solid-liquid interfaces are of great importance to control the thermophysical properties of thin films. To gain the basic 
knowledge about the transport characteristics of polymers in the interfaces, in this work, n-alkane liquid are examined. These liquids 
of hydrocarbon chain molecules have many industrial applications and are major building blocks for long and complex polymers. 
Recently, computer simulations have been also performed to obtain the equilibrium and non-equilibrium quantities in the 
interface region and to understand the experimental findings. To reproduce the molecular-scale structure and transport phenomena and 
to analyze their characteristics, molecular dynamics (MD) simulation is the best suitable method. Structure of alkane liquids in the 
vicinity of liquid-vapor interface is extensively studied based on the time- and space-averaged interface where molecular-scale surface 
structure at the interface is lost and cannot be seen because of averaging under the influence of the fluctuation at the free surfaces. 
Recently a few researchers calculated the intrinsic structure at liquid-liquid and liquid-vapor interfaces by eliminating the influence of 
the molecular-scale surface fluctuations. However, structure and mass transport properties of alkanes have not been explored in the 
liquid-vapor interface regions. Therefore, in this work quantities in the liquid-vapor interface region are calculated based on the 
intrinsic interface. It is well-known that liquids behave differently in the vicinity of solid surfaces from that in the bulk liquid. To 
understand the structure of alkane liquid at the solid-liquid interfaces, in this work, solid is considered as α-quartz substrate. Wright et 
al. suggested that a charge free hydroxylated surface would be a reasonable approximation to α-quartz at the surface at pH 7. 
Therefore, in the present work walls are assumed to be fully terminated with OH-group (hydroxylated) and H-group (hydrogenated).      
Mass diffusion is one of the fundamental properties of liquids. Characteristics of mass transport at solid-liquid and 
liquid-vapor interface, such as mass diffusion of solvent in the coating film and chemicals for surface treatment in nanofabrication, are 
important in micro and nanoscale industrial process. In the last decade many researchers determined the self-diffusion coefficient of 
alkane molecules from MD simulations using the Einstein relation or Green-Kubo relation. These methods are originally suitable for 
homogeneous bulk systems. Recently, Liu et al. modified the Einstein relation to determine the self-diffusion coefficient in the 
heterogeneous systems. By using this modified Einstein relation few researchers studied the diffusion of water in the liquid-vapor 
region and in the vicinity of α-quartz substrate is examined. To the best of the author’s knowledge, the self-diffusion of n-alkanes in the 
liquid-vapor interface region and in the vicinity of silica substrates has not been investigated by any researcher. So, in this work 
structure and transport properties of liquid alkanes in the vicinity of α-quartz substrate are explored. 
When two different species are in contact with each other because of difference in thermal properties, there is an interfacial 
thermal resistance at interfaces. It is a critical physical property for understanding thermal transport process in many nanoscale systems 
with complex interface structure. Due to its practical relevance thermal resistance at the solid-liquid interface is extensively studied by 
many researchers and is still an active research field. It is well known that liquid molecules are arranged to form layers in the vicinity 
of the solid wall. Because of the structure it is expected that the thermal conductivity and other transport properties of the liquid in the 
layers close to the wall are different from those of bulk materials. 
The objective of the present work is to study the molecular-scale structure, heat and mass transport characteristics of 
n-alkane liquids in the liquid-vapor and solid-liquid interface regions using MD simulations. For the liquid, several species of 
n-alkanes, which are typical chain molecules and common blocks of various complex polymer molecules, are assumed. For the solid 
walls, α-quartz silica with several crystal planes contacting the liquids, which is a common substrate in micro and nanotechnology, is 
assumed with two types of surface terminations. In order to understand molecular orientation and molecular shape transformation in 
the interface region, the distributions of the orientation parameter and radius of gyration were examined. Self-diffusion of liquid 
molecules in the direction parallel to the interface is also obtained to know the characteristics of mass transfer. To clarify the structure 
and mass transfer characteristics at the liquid-vapor interfaces, quantities are evaluated not only based on the usual time- and 
space-averaged interface definition but also on the local and instantaneous intrinsic interface definition, which reveals much sharper 
characteristics that varies in the liquid-vapor interface region. Thermal energy transfer at the solid-liquid interface is investigated by 
calculating the Kapitza resistance and variation of thermal conductivity from nonequilibrium molecular dynamics simulations. 
Surface topology and surface termination type influence on the structure, mass and thermal energy transfer is examined by comparing 
the obtained properties of alkanes in the interface region among different crystal planes and different surface termination types.  
In this work, liquid-vapor simulation systems of several species of alkanes and α-quartz/liquid alkane systems were created 
to investigate structure and mass transport at liquid-vapor and solid-liquid interfaces and thermal energy transport at solid-liquid 
interfaces using MD simulations. Structure and self-diffusion coefficient of several alkanes in the liquid-vapor interface region were 
obtained based both on the time- and space-averaged interface and on the intrinsic interface, and results are discussed by comparing 
them with each other. To examine the influence of α-quartz surface topology, obtained structure and mass transport properties in the 
solid-liquid interface regions were compared among (001), (011) and (100) crystal planes which contacts the liquids. The solid 
α-quartz surfaces were terminated with -H and -OH groups to create hydrophobic and hydrophilic surfaces, respectively and the 
structure and self-diffusion coefficient of liquid alkanes near both surfaces were compared with each other to examine the influence on 
the surface termination type. Influence of the chain length of the alkane molecules was studied by comparing the physical and 
structural quantities of several species of alkanes at the same reduced temperature. Kapitza thermal resistance at the solid-liquid 
interface during heat conduction through the interface and variation of thermal conductivity of liquid alkanes in the vicinity of the solid 
wall, where liquid molecules from a layered structure, were determined and their dependency on the lattice-scale surface roughness of 
the α-quartz and the surface termination type are discussed. These investigations and obtained results provide fundamental 
understanding of behaviors of liquid alkane molecules in the interface regions.  
The main results and contributions of this work are given as follows. 
1. Oscillations are clearly observed in the density profile in the liquid side of liquid-vapor interface, when the space coordinate is 
fixed to the intrinsic (local and instantaneous) interface. This indicates layering of molecules at the free surface. This oscillation 
disappears when the space coordinate is fixed on the ordinary time- and space-averaged interface. According to the orientation 
order parameter, it was demonstrated that the liquid-vapor interface region of alkanes takes on triply layered structure. At a given 
temperature molecules are flattened in the perpendicular to the interface direction and shape of the molecules are slightly changed 
in the interface region. 
2. The self-diffusion coefficient of alkanes increases rapidly toward the vapor side, responding to the decrease in density. The 
correlation between the self-diffusion coefficient and the density is highly non-linear in the liquid side of intrinsic interface. 
3. Structure and the self-diffusion coefficient exhibit a similar variation in the liquid-vapor interface region over all the tested species 
of alkanes at the same reduced temperature. However, the magnitude of the self-diffusion coefficient is different according to the 
chain length of molecules, i.e., shorter molecules exhibit larger self-diffusion coefficient.  
4. The layering structure of liquid molecules in the liquid-solid interface region is different according to the crystal plane of solid 
surface and termination type. This is the most obvious in the case of small chain length of molecules and less significant for 
longer chain length of molecules. Liquid alkane molecules tend to enter deeper into cavities on the OH-terminated side than that 
on the H-terminated side. 
5. Due to the difference in surface topology for (100) crystal plane the parts of alkane molecules that enter into cavities on the 
OH-terminated side are oriented in the direction perpendicular to the interface whereas the parts of the molecules that enter into 
the cavities on the H-terminated side are in the parallel direction. Molecular shape is remarkably flattened in the direction 
perpendicular to the interface in the layers close to the solid wall. Molecule shape in the solid-liquid interface is considerably 
changed than that in the liquid-vapor region. 
6. Self-diffusion is lower near the wall and reaches to the bulk liquid value away from the walls. It is shown that molecules in touch 
with the smoother surface (001) migrate faster than the molecules in touch with rough surfaces (011) and (100). It was found that 
the in-plane diffusion characteristics in the adsorption layer are anisotropic in nature, i.e., a significant difference is observed 
between the two spatial directions. This is the most noticeable for the (001) crystal plane.  
7. At the same reduced temperature, self-diffusion coefficient of the tested alkane liquids in the first adsorption layer in cases of both 
types of terminations for all the crystal planes tends to be higher with an increase in chain length of liquid alkane molecules.  
8. Although the influence of the above mentioned structures in the solid-liquid interface region on heat conduction characteristics is 
subtle and hard to be observed, it was observed that thermal conductivity of liquid methane in the vicinity of α-quartz substrate 
varies in an oscillatory manner according to the oscillation in the density profile. It is observed that Kapitza resistance is strongly 
depends upon the surface roughness and surface termination type.  
 
Findings from this study add some knowledge that is useful to understand the characteristics and dynamic phenomena that 
occur in thin liquid films on a solid substrate. 
 
